We have studied the effect of brain tissue (gray matter-white matter) heterogeneity and computerized tomography (CT) noise on the ac curacy of xenon CT measurements of regional cerebral blood flow (rCBF) based upon "autoradiographic" and multiple-scan washin protocols, The re sults of our mathematical analysis indicate that both protocols are associated In 1980, Drayer et aI. described the measure ment of regional cerebral blood flow (rCBF) in ba boons using stable xenon and computerized tomog raphy (CT). A build-up ("autoradiographic") analy sis was employed to obtain estimates of gray matter flow (Fg) in selected, "predominantly gray" brain regions; Fg's in the range of 60-105 ml/mini lOO g were reported with an estimated overall error of 30%. Since all of their clearance (washout) analyses indicated multicompartmental Fg, Drayer et aI. con cluded that the assumption of a single fast compart ment introduced a systematic error of 5-10% in their estimates of Fg.
In 1980, Drayer et aI. described the measure ment of regional cerebral blood flow (rCBF) in ba boons using stable xenon and computerized tomog raphy (CT). A build-up ("autoradiographic") analy sis was employed to obtain estimates of gray matter flow (Fg) in selected, "predominantly gray" brain regions; Fg's in the range of 60-105 ml/mini lOO g were reported with an estimated overall error of 30%. Since all of their clearance (washout) analyses indicated multicompartmental Fg, Drayer et aI. con cluded that the assumption of a single fast compart ment introduced a systematic error of 5-10% in their estimates of Fg. Meyer et aI. (1980) also employed an in vivo auto radiographic method to estimate rCBF in baboons using stable xenon and CT. Brain regions as small as 0.04 cm3 were examined with a reported mea surement error (coefficient of variation) of 10.2%. In subsequent publications (1981a,b), Meyer et al. extended their xenon CT autoradiographic method to human subjects, including patients with narco lepsy, sleep apnea, stroke, and primary brain tu mors. Thirty-five percent inhaled-xenon and I-min (EMI 1010) CT scans were employed; regions of interest as small as 80 mm3 were analyzed, and sig nificance was attached to changes in rCBF of less than 5%.
Because of our long-standing interest in, and re cent experience with, xenon CT (Rottenberg et aI., 1981a,b; Dhawan et aI., 1982; Kearfott et aI., 1982) and our concern about the accuracy and reproduci bility of the abovementioned rCBF measurements, we studied the effects of brain tissue-gray matter (GM)-white matter (WM)-heterogeneity and CT noise on calculated rCBF values. We define CT noise as the inherent quantum limitations of avail able CT scanners and the additional uncertainties introduced by image reconstruction algorithms and image sUbtraction/processing software.
METHODS
A one-compartment washin analysis was per formed using the convolution integral model pro posed by Kety (1951) , If the arterial input function C a(t) is approximated by C max(l -e-mt), where C max is the maximum cerebral arterial xenon concentration achieved dur ing continuous inhalation (t�cx;) and m is a first order rate constant, then Eq. 1 can be solved analyt ically,l
The effect of GM-WM heterogeneity on rCBF was investigated by obtaining C(T) values from Eq.
2 for tissue GM and WM compartments, weighting these values appropriately, and computing C I( T) (Eklof et al., 1974) , where W is a fractional weight; t, g, and w are sub scripts referring to tissue, GM, and WM compart ments, respectively; and W w = 1 -W g (Fig. 1). N ext, the numerical value of C t( T) was set equal to the right-hand side of Eq. 2, and the resulting ex pression solved for k == kg,
, We have assumed that k.m > 0 and that k "" m. where kg is the estimated GM rate constant and Agkg == (FIV)a is the autoradiographic value for GM blood flow. The percent error associated with the assumption of a single homogeneous tissue com partment was determined as
) where (FIV)g = Agkg is the value for GM blood flow used to calculate Cg(T) in Eq. 3. The following de fault values were employed for computer simula tions: aCmax = 100 HU'g!ml, T = 2.5 min, kg = 0.8 min-I, kw = 0.15 min-I, Ag = 0.8, Aw = 1.5, and m = 1.4 min-I. 2 (Thus, (FIV)g = 0.64 mllminlg and (FIV)w = 0.225 mllminlg.)
The effect of CT noise on rCBF was studied by assigning expected errors (autoradiographic proto col) or random errors (multiple-scan washin proto col) to simulated values of CiT). (See below.) It was assumed that
where ERR ·EMAX is the expected error of the mean CT enhancement in a region of interest (ROI) containing N pixels, EMAX is an appropriate scaling factor [i.e., EMAX = mean ROI enhancement (Rottenberg et aI., 1981a,b) . Thus, for a l-cm3 ROI (one-hundred 1 x 1 x 10 mm voxels), the propor tional error, ERR, was approximately 7%.
In conjunction with these studies of GM-WM heterogeneity and CT noise, we investigated the benefits of a multiple-scan washin protocol (as dis tinguished from a single-scan autoradiographic pro tocol). Gaussian (CT) noise was added to both base line and enhanced scans, and values for regional xenon enhancement were calculated according to Eq. 3 with T = 0.5, 1.0, 1.5,2.0, 2.5, 3.0, 3.5,4.0, and 4.5 min; estimated values of kg were obtained by fitting the initial 3-9 simulated data points to Eq. 2 using a Marquardt (1963) non-linear, least squares algorithm.
RESULTS
The effect of GM-WM heterogeneity, GM blood flow, xenon inhalation time, and the xenon inhala tion rate constant on "autoradiographic" measure ments of rCBF is illustrated by the data presented in Table 1 and Fig. 2 . For a given GM:WM ratio, the percent error in measured rCBF increases from six-to tenfold, with a fourfold increase in GM blood flow; at each value of FIV selected, the magnitude of this error increases in inverse proportion to the GM:WM ratio. In the range of 2.0-3.5 min, the xenon inhalation time, T, has little effect on the measurement error at any GM:WM ratio (appre ciable measurement errors are associated with longer inhalation times). Similarly, a fourfold increase in the inhalation rate constant (from 0.5 to 2.0 min-I) has virtually no effect on the measurement error.
The effect of simulated CT noise on "autoradio graphic" measurements of rCBF is summarized in Table 2 . In predominantly GM regions, large un certainties are associated with an RMSD > 5.0 HU, mean regional CT enhancement < 10 HU, and ROI volumes less than 1 cm3• The data in Table 3 illustrate the effect of GM WM heterogeneity, number of CT scans, and CT noise on the accuracy of multiple-scan washin mea surements of rCBF. In the absence of CT noise (ERR = 0), the percent measurement error increases with increasing GM-WM heterogeneity and is in dependent of the number of scans for a given GM WM mix. Large errors-the magnitude of which in creases with increasing GM content-are produced a If C a(O) = 0 and C a(t) is an increasing fu nction of t in the domain (0, T), then C(T) in Eq. 2 is an increasing function of k. Therefore, the 68% confidence limits for kg can be calculated from Eq. 4 with C,(T) taken as C,(T)' (1 ± ERR), assuming Gaus sian CT noise and Ag = 0. 8, kg = 0. 8 min-J, m = 1. 4 min-J, and T = 2. 5 min. In the absence of CT noise, the values of kg corresponding to GM:WM = 50:50, 75:25, and 90:10 are 0. 516, 0.639, and 0.730, respectively. ,> Gray:white ratio (Wg:Ww). Units: RMSD and EMAX, Hounsfield units; N, number of I x I x 10 mm voxels. by the introduction of even small amounts of CT noise; with ERR = 0.10, the level of uncertainty becomes unacceptable (coefficient of variatiqn >15%).
DISCUSSION
The prospect of rapid, noninvasive, clinically rel evant rCBF measurements obtained with standard CT hardware and software is an exciting one, inas much as such measurements may provide otherwise unobtainable diagnostic information and serve to monitor the treatment of a variety of neurological and neurosurgical disorders. Within this context, the use of subanesthetic concentrations of stable xenon and CT to measure rCBF in human subjects in vivo holds great promise, especially if accurate and reproducible rCBF values can be obtained dur ing a short period of xenon inhalation with a single or, at most, several CT scans.
However, the so-called "autoradiographic" method, as currently practiced, poses formidable obstacles to accurate and reliable quantitation, in cluding movement artifact (which seriously degrades the quality of CT xenon enhancement data), a poor ly defined arterial input function (end-tidal xenon concentration as determined by thermoconductivity measurements) (Dhawan et aI., 1982) , variations in regional values of Ag and Aw, tissue (GM-WM) heter ogeneity, and CT noise. Among these various sources of error, CT noise is by far the greatest and most intractable.
The results of our mathematical analysis of the autoradiographic and multiple-scan washin protocols described by Drayer et al. (1980) and by Meyer et al. (1980 Meyer et al. ( , 1981a indicate that both protocols are associated with a variety of measurement errors that lead to unacceptable and, to a large extent, un predictable uncertainties in calculated values of rCBF. Tissue heterogeneity and high volumetric flow rates may-even in the absence of movement artifact or CT noise-lead to measurement errors in excess of 20%. Moreover, CT noise (which we compute as a function of pixel RMSD, maximum regional enhancement, and ROI size) is additive with regard to these errors and constitutes the most confounding variable of all; even small amounts of CT noise result in large propagated uncertainties (i.e., > 20%). Thus, for example, in a region con taining 75% GM and 25% WM, if F/V = 0.96, T = 2.0, m = 1.4, RMSD = 5.0, EMAX = 10, and N = 25, the overall measurement error may frequently exceed 45%.
Although multiple-scan washin protocols promise greater accuracy, this promise is not fulfilled if one considers the effect of GM-WM heterogeneity and CT noise ( Table 3) . The confounding effect of CT noise, but not of tissue heterogeneity, may be re duced by averaging multiple "autoradiographic" values of kg obtained from serial CT scans during xenon washin. Our recent experience with xenon CT rCBF measurements (Rottenberg et aI., 1981a,b) indicates that a multiple-scan washin-washout anal ysis (based upon a two-compartment convolution integral model that takes into account the variable GM-WM composition of brain tissue) is less ad versely affected by tissue heterogeneity and an un favorable signal-to-noise ratio, and yields far more satisfactory results than either the autoradiographic or multiple-scan washin protocols described above.
The irresistible allure of new, high-technology methods for measuring physiological variables under lines the need for preliminary feasibility studies and rigorous error analysis. Caveat emptor.
